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A SPACE hlAIN1‘AINA~3lldTY ESPEitIRIENT ADOARD TliE BEK FI1ANKIJN 
SUBMERSIBLE DURING TIIE 30-DAY GULF STREAhI DRIFT hlISSlON 

,John R. tiapplcr and Chcstcr B. May 
Maintainabilitv Enrzincer Submcrsihle Crcwmcmbcr and Xxwrimcnt Director . -  

Grumman Aerospacc Corporation 
Bethpagc. Ncw York 

Ahstract 

In the summer  of 1969, a deep submersible 
drifted for  30 days below the surfacc of thc Gulf 
Stream, whilc operatcd by a six man crcw. Although 
the main purpose of the mission was oceanographic 
research ,  the crcw‘s activities and complctcly sclf- 
contained environment rescmbled those of a space 
station such as Skylab. 

Because of these similari t ies,  NASA funded a 
Space Maintainability cxpcrimcnt to investigate on- 
hoard vehicle maintenance during the actual CC. duct 
of a scientific mission. 

I. Introduction 

The opportunity to study maintenance of a com- 
plex system in a dynamic situation under total iso- 
lation for a long mission i s  quite rare. 
tes t s  have provided useful information but have always 
been conducted under static conditions with help from 
outside the tank o r  test  chamher. 

Lahoratory 

The Gulf Stream Drift Mission was the maiden 
voyage of the BEN FRANKLIN and the major scientific 
objectives of this mission provided a sense of moti- 
vation for the crew which placed maintenance into 
proper perspective with relation to operation of the 
en t i re  vehicle. 

The  30-dBy mission was conceived hy Dr. 
Jacques Piccard in 1965 as a means fo r  exploring the 
Guif Stream from Florida to Nova Scotia using visual 
observations. bottom photography, biological surveys,  
and acoustical surveys.  In 19G7 the Grumman Cor- 
poration agreed to undertake and finance the mission 
and establish a program for  the design, development. 
and construction of the BEN FRANKLIN - a deep sub- 
mersible capable of oceanographic research  with a crew 
of six for missions of 30 days o r  more without surfac- 
ing. The vessel has a sclf-contained life support sys-  
tem as well as propulsion, stabilization, power, com- 
munication, and experiment subsystems. It resembles 
a space srarion, such as the Skylab. in size and shape. 
See Fig. 1 and 2. 

The Naval Oceanographic Office (NAVOCEANO) 
provided a surface support vessel  and two BEN 
FRAXKLIN crewmembers to perform ocean experi-  
m n t s .  The remainder of the crew of six  consisted of 
two pilots (Including Dr.  Piccard),  a relief pilot ocean- 
O w p h c r ,  and a NASA crewmember responsible for 
lhe SASA space-oriented studies. 

Life Scicnccs Enginccr 
NASA, RISFC, Iluntsvillc, Alzhama 

-,,&- 

Fig. 1 Cutaway View of BEN FRANKLIN 

The mission began on 15 July 1969 when the BEY 
FRANKLIN submergcd into the Gulf Stream off West 
Palm Beach, Florida. It terminated 30 days,  11 hours 
la te r  when the BEN FRANKLIN surfaced 360 mi les  
south of Nova Scotia. The drift  covered 1444 n mi a t  
an  average depth of 650 ft .  
to depths between 1200 and 1800 ft. 

Ten excursions were made 

1A-T A 

130 TONS 
2000 FT 
4WO FT 
4 KT 
BMEN FOR 6 WK 
5 TONS 
756 KWH 
29 

Fig. 2 BEN FRANKLIN Characterist ics 

11. Objectives of the Space Maintainability Experinicnt 

The intent of the experiment w a s  to obtain an 
insight into onboard maintenance performed in confined/ 
isolated environment and to apply this insight into 
planning for  maintainability i n  future space vehicle 
design and missions,  (lP2’ Thc following spccific oh- 
jectivcs were cstablishcd for the cxpcriment: 
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Evaluatc thc impact of Maintainability on 
mission succcss 
Evaluate the ciiectivencss of currcnt aircraft  
maintainability analysis and prediction tcch- 
niques on a spacc-type mission 
Determinc the maintcnmcc wori<lo:id expcnded 
during the mission 
Determine tlic maintenance workload 
distribution 

* Determine the diflcrenccs,  i f  any, betwcen 
maintcnancc pcriormcrl i n  a s t ressed  v s  
an  unstresscd environmcnt 
Invcstigate the cllccts of training, learning, 
skil ls ,  spares ,  tools, tcst equipment and 
onboard technical inlormation on maintcnancc 
performed during thc mission 

111. Experimenl Approach 

The maintainability study was accomplished in 
s i x  distinct phases: 

I 

iI 

iII 

iv 

V 

VI 

Developed experiment plan 

Analyzed onhoard sys tems and equipment to de- 
termine preventive and corrective maintenance 
requirements - (maintenance frequencies, po- 
tential failures, tasks, etc.  ) 

Defined experiment tasks, completed predic- 
tions, prepared lor spares ,  tools, log books. 
procedures,  training, etc. and assigned mainten- 
ance tasks to various crew 

Trained crew and conducted docksidc time t r ia l s  
of maintenance actions to obtain haseline data 
fo r  comparison with mission performance 

Recorded actual pcrformance during mission via 
written reports,  log entries,  photographs, 
movies, and tape recorders  

Debriefed crew, reduced and analyzed data and 
wrote final report  (3)  

Experiment Plan - Phase I 

All of the major study task elements were identi- 
fied and inserted into a block diagram to a s su re  that the 
flow of events and data would mcet the mission calendar 
milestones and provide meaningful results.  

Maintainability Analysis - Phnsc I1 

The  BEN FRANKLIN i s  equipped with numerous 
complex subsystems (see  Tahle 1) hut there were only 
three months available for the maintainability analysis, 
writing procedures, mal;inS check l ists ,  Corms, and 
estimates prior to s t a r t  of the mission. Therefore. 
only the most promising candidates were selected f o r  
this experiment hascd on: 

0 Scheduled maintenance requirements 
0 Unschcduled maintenance requirements 

* Availability of detailed design information 
Similarity to spzce typc of equipment 
Acccssihility to thc crew 

TABLE 1 SYSTEMS ONBOARD BEN FRAN<LIN 
MAIN BALLAST TANK SYSTEM 
EXTERNAL BLOW SYSTEM 
SALT WATER SENSORS SYSTEM 
VARIABLE BALLAST SYSTEM 
SHOT BALLAST SYSTEM 
EMERGENCY SHOT BALLAST SYSTEM 
HIGH PRESSURE PNEUMATIC SYSTEM 
SAS RECEA.Sf SVSTE\I 
r lYURA.LICP2EjF J I l f  SVFTEI3 
ENVIRO\.h:EIThL tO\TRO..  SYS1 E*.IS 

. . . . . . . . . . 
e L I F E  SUPPORT SYSTEMS 

INTERIOR LIGHTING SYSTEMS 
OCEANOGRAPHY RESEARCH EQUIPMENT 
PILOT'SCONTROLSAND CONSOLE 
ELECTRICAL POWER AND DISTRIBUTION SYSTEM 

EXTERIOR LIGHTING SYSTEMS 

U A ~ N  PROPJ-s  0'. svsrE'A 
ATTIT-OE COhTR0LA:O STE€R,\G SYSlEfA 
CAVTlOh A I D  '?IARhl".G .I.STRI.*.lE\ITAT 0'. 
FJGAT I.STI1Vh'ENTAT.ON 
RAfl10 A W  UTERtO\ l  5YSTEU 
UhDER:.ATFR Tt.EPilOhE SVSTEU 
CTF\4 SOhAR SVSTFM 
FATA0l:ETER P.'.GER. DEPTH SEhSOSS - GA-GFSAZC 
RF?nRn.NG SYSTE'.IS 
PERISCSPE AXDLI.3ER.VATER TVSVSTEMS 
DAUACE CO\TROLAkD EtIERGEhCY SVSrE\ lS  

I MICROBIOLOGY RESEARCH EQUIPMENT 
PSYCHOLOGY AND PHYSIOLOGY RESEARCH EOUlPMENl 

Experiment Task Delinit 

Twenty-seven indepondent maintenance tasks 
(13 scheduled and 14 unscheduled) were tinally selected 
as the co re  of the experiment. 

The scheduled tasks were chosen because they.. . 
. . . were essential  to safety nnrl on--*ti-* -l +h- . - - ~ - l .  

€lull penetrator inspection 
Sea valve inspection and operational check 

a Hydraulic system inspection 
Pneumatic system inspection 
Fathometer inspection and service 

. . . involved testing and monitoring for degradation and 
failure in the cri t ical  power and propulsion systems: 

Battery voltage monitoring and hull 
resistance check 

sumption. 
cluded system calihration and repa i r  instruc- 
tion, plus an alternate power saving mode of 
operation) 
Hull resistance check of main propulsion and 
rotational motors 

'Ampere-hour system check for power con- 
(The procedure for this task in- 

. . . typified a fairly simple routine job: 

NASA tape recorder  inspection and serv ice  

D
ow

nl
oa

de
d 

by
 N

A
SA

 G
O

D
D

A
R

D
 S

PA
C

E
 F

L
IG

H
T

 C
E

N
T

E
R

 o
n 

D
ec

em
be

r 
15

, 2
01

6 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.1

97
2-

23
2 



. . . mvoivcd otic of thc rnorc cri l icai  areas for long- 
duration space missions,  "bactcria and microbial con 
lamination control": 

* Bacteria f i i t c r  clcment replacement ( w t c r  
sys tc  m ) 
Watcr systcm potahility trsl 

0 Microhial contamination tests f o r  interior sir, 
surfaces,  and personncl 

I t  was ariticipatcd that lcarning curve cffccts 
would be ohscrvcd from rcpctitivc observations of 
routine type schcduled maintcnnnce actions. 

The 14  unsciicduled maintenance tasks rcprc-  
sented emcrgcncy repairs.  Sonic were dcsigncd to 
prevent degradation and malfunction of equipment, 
while others were nccessary to prevent catastrophic 
consequences and possiblc mission ahort. 
wcrc: 

Thcsc tasks  

* Fusc troubleshooting and replacement 
Underwater telcphone rcpa i r  

* Macerator rcpa i r  
B Water pump repa i r  
8 Gas chromatograph serv ice  and repa i r  

Camera serv ice  and repa i r  
Foreman experiment se rv ice  and repa i r  

* Egan experimcnt rcpa i r  
Crew performance tes te r  repa i r  
Oxygen regulator rcpa i r  
Battery cell s t r ing  jumping 
Hydraulic and pneumatic valve repa i r  
Odor removal blower repa i r  
Cold water sterilization 

The equipment affected by each sclectcd (con- 
trolled) maintenance action was analyzcd in detail to 
providc all  of the scheduled maintenance rcquiremcnts, 
as well as thc major failure modes most likely lo hc  
encountered during the 30-day mission. This involvcd 
review of all available equipment and installation draw- 
ings, schematics, manuals, and handbooks as wcll as 
contact with vendors, installation cngincers, crew 
members,  and equipment hoth on and off thc vehicle. 

A workhook was developed for use during the 
mission. The book included: 

Detailed maintenance procedures 
Special charts to shorv locations of fusc boxes, 
terminal par t s ,  test  points, etc. 
Check l ists far scheduled maintenance 

* Calculation sheets for t-sks such a s  power 
consumption, drivc motor lcad hull r e s i s -  
tance, battery lend hull resistance,  etc. 
Data sheets to record elapscd t imcs and 
essential performancc and maintainability data 
for all  maintenancc actions (scheduled a d  
unscheduled, controllcd and uncontrolled). The 
NASA Maintainability Enginecr used a stop 
watch to record elapscd t imes 

* ' Special incremcntal task element recording 
formats for easy comparison of rcsults with 
Method I1 and I11 prcdictions 

A hlaintainahility Analysis !vas p<!TformCd and 
MTTR was prcdictcd lor cach maintcnancc proccdure 
in thc cxpcrimcnt using Mcthods I1 and Ill of MII.- 

€iDBK-472.(*' A s  a r?sult  of the analysis, recom- 
mcndatians were tnadc for sparcs ,  tools, and test  
cquipmcnt to support thc vehicle during the mission. 
Howevcr, as in a spacccraft ,  space on the BEN 
FRANKLIN was a t  a premium and the spa re  parts.  
tools, and tcchnicnl information taken almard were 
limited to  a selcctcd l ist  based on experiencc and 
functional priority o r  criticality of the affected equip- 
ment. 

Crew Training and Dockside Time Tr i a l s  - Phase IV 

The entire six-man crew was givcn the oppor- 

In particular the 
tunity to review and comment on the contcnt of thc 
NASA Maintainability Experiment. 
NASA Enginecr, the BEN FRANKLIN Captain, and the 
Pilot were given a spccial hricfing and familiarization 
with the contcnt and details of the maintcnancc pro- 
ccdurcs, check l i s t s ,  charts,  data sheets. spa res ,  and 
tools for the experimcnt. 

Dockside t imc t r ia l s  an3 demonstrations lvcre 
performed on the vehicle by crewnlcmhers and other 
qualified personnel to  establish hasclinc data, and to 
be certain that all maintenance procedures were fully 
understood. All schcduled maintcnancc tasks were 
exercised except for those parts requiring disasscmhly 
of equipment. 
tenance repair  tasks had to he checked by simulation 
exercises.  

Similarly, a l l  of the unscheduled main- 

Mission and Performance Data Rccordin: - Phase V 

This phase covcrod all of the data takin: and re -  
cording of maintenance actions accomplished by the 
crew during the 30-day mission. To help in the mis-  
sion data analysis, the cremmcmbcrs wcrc identificd 
with their specialties and assignments as indicatcd 
in Table 2. 

TABLE 2 CREWMEMBER ASSIGN31Eh'TS 

OPERATIONSIMAINTENANCE 
MAINTENANCE/SCIENTIFIC 

PILOTINAVAL ENGRG 
TEST ENGINEERIENGINEERING 

Crew Debriefing, Data Reduction and Analysis - 
Phase VI 

The crew was debriefed at Grumman, ncthpage, 
directly d t c r  the mission to ascertain additional 
details, rationalc, and background information i n  
connection with various maintenance actions as 
recorded in log hooks and data sliccts. Following 
this, data reduction and analysis of all  thc fecrlinck 
data was accomplished, 
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Although the NASA Nopresentalive was available 
for  only about 50% of cach day, most of the mainten- 
ance performed on the controlled equipment was timed 
and recorded. 

The debriefing interviews, detailed log investi- 
gations, review of NASA's stop-action f i lms,  and 
personal meetings with each crewmemher resulted in 
positive identification of 1355 unreported maintenance 
actions and determination of the manpower expended 
in these tasks. 

All the reported and unreported tasks were com- 
piled into a Maintenance Action Summary which l is ts  
the number of t imes each task was performed, and the 
elapsed t imes required. See Fig. 3 for overall task 
breakdown. 

TOTAL 

TASKS 

CONTROLLED MAINTENANCE 

UNCONTROLLED MAINTENANCE 
-SCHEDULED 

-UNSCHEDULED 

SUBTOTAL 

54 

IO. ACTIONS MMH El 
190.0 

239.3 

1355' 321.7 

*321 ELECTRONIC. 1034 MECHANICAL 

Fig. 3 Breakdown of Maintenance Workloaa 

IV. Manpower Distribution 

U s i w  the Maintenance ActionSummary (Table 3) two 
useful plots of manpower distribution \vert. developed: 
Scheduled and unscheduled maintenance performed 
during each mission day (Fig. 4), and cumulative daily 
mission maintenance workload (Fig. 5). Of the cumula- 
tive total, scheduled maintenance took 26R. 2 man-hours, 
and unscheduled maintenance took 53.5 man-hours. 
The total maintenance workload averaged 10.7 man- 
hours per  day. 

Scheduled Maintenance 

A minimum of G man-hours per day w a s  spent on 
routine scheduled maintenance. The cyclic nature of 
the scheduled maintenance workload added a s  much as 
8 to 9 man-hours every third day. During the first 11 
days, this cyclic workload was very heavy indicating 
that the crew may have been very conscientious. They 
devpted more time to scheduled maintenance on days 2, 
5, and 11 when the BEN FRANKLIN was drifting at 
600 feet  in  the Gulf Stream. 

On days 1 3  through 11, the crew attempted to 
distribute the scheduled maintenance work-load more 
evenly over this 3-day cycle. From day 1 8  to the end 

of the mission, the fluctuation in schcdulcd maintenance 
was reduced to a point satisfactory to the crew. 

Decp dives were also observed to have an effect 
on the amount of maintenance performed on any given 
mission day. 
the daily maintenance workload was reduced on deep 
dive days to accommodate the increased operational 
workload. The days immediately preceding and follow- 
ing each dive were generally heavy maintenance days. 
A s  their experience with the dive maneuvers incrcased, 
the tendency to reschedule maintenance became l e s s  
noticeable. 

During the early par t  of the mission, 

From day 16 through 26, the amount of daily 
scheduled maintenance activity was at a low level 
corresponding to a generally overall lower level of 
activity, especially in the oceanography area.  The 
crew was also able to improve on the scheduled main- 
tenance workload by combining tasks and better 
organizing their efforts. 

Unscheduled Maintenance 

In general there was a high level of unscheduled 
maintenance activity during the first-half of the mis- 
sion, as compared with the last-half. 
f irst-half ,  the crew spent about 2 man-hours per day 
on unscheduled maintenance. During the drift periods 
(when not diving o r  ascending) very little unscheduled 
maintenance was accomplished, except for two major 
unscheduled repair  actions. These complex r epa i r s  
were deferred until there  was an opportunity to devote 
a long uninterrupted segment of time to perform the 
work properly. 

During the 

These observations of the maintenance workload 
gave an insight into the flexibility and resourcefulness 
of the crew. They were able to organize, modify, 
and adjust this workload, not only to suit operating 
conditions, but also to take advantage of their  experi- 
ence gained during the mission. 

V. Total Maintenance Workload vs 
Total Manpower Available 

Figure 6 shows some significant maintenance 
workload trends. The maintenance workload varied 
from 12% to 31% of the total manpower available during 
any one day. The total maintenance workload w a s  
17.3% of the total on-duty manpower available. This 
was the equivalent of one man devoted to maintenance 
full time. 

At the beginning of the mission, the 3-day 
average workload value was approximately 20%. and 
gradually decreased to 14% at the end of the mission. 
This was the result  of improved operations by the 
crew, decreased requirements for equipment service 
and repair ,  and postponement of the following main- 
tenance repairs  to the end of mission: 

Macerator Motor Switch Not cri t ical  
Light Experiment Not cri t ical  
CO Gage Not cri t ical  

B-2 Ampere-Hour Counter Not cri t ical  
2 
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e 

5 10 
MISSION DAY 

Fig. 4 Manpower Distribution By Dag 

There  w a s  an obvious stabilization of the main- Unscheduled maintenance r epa i r s  absorbed 2.87% 
This was reason- tenance workload and, i f  the mission had continued 

beyond 30 days, scheduled maintenance would have 
leveled off at  amroximatelv 10%. o r  6 .36  man-hours 

of the total available crew duty time. 
able considering the complexity and type of equipment 
aboard. .. ~ 

per day, based on the trend established during the 
last 15 mission days plus the unscheduled maintenance. The failure of the macerator switch would have 

become mission crit ical  if it had occurred ea r l i e r  
than day 29. It caused the loss  of the macerator 
electric sewage disposal function which was backed up 
by a manual pumping system. 

MAINTENANCEWORKLOAD= = 17.3% 

1860HR The following seven i tems failed and could not be 
repaired because they were external to the vessel  and 
Eva was not planned for this mission: 

MAN-HOURS AVAILABLE b Fathometer 
FOR WORK Sub-bottom Profi ler  

HR 1M)O Magnetomometer 
Ship's Compass 
Light Transmissometer 

a Ocean Current Meter 
NAVOCEANO I O  mm Camera 

USED FOR 
MAINTENANCE 

500 321.7 HR 

O 5 10 15 20 25 30 VI. Crewmember Maintenance Workload Distribution 

MISSION DAY 
Figure 7 summarizes  the maintenance work per- 

Fig. 5 Cumulative Maintenance Workload formed by each crewmember on a daily basis. Figure 
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8 indicates each man's work e f fo r t  as a perccntagc of 
the schedulcd, unschcdulcd, and total maintcnnnce pcr- 
formed during the mission. As computcd from Fig. 7 
crewmembcrs 2,  4 ,  and I; pcrformed SC.S?, of  all  
mission maintcnancc. Thcsc  samc threc  mcn per -  
formed 84.1% of thc scheduled maintenance, while 
only two of them (4 and 6)  performed OFT! of all thc 
unscheduled maintenance. 

VII. Maintenance ?'ask Analysis 

This  portion of the data z ia lys i s  dea ls  with the 
subjective aspects of maintenance performed during 
this GSDM. 

When a maintcnance task or action is analyzed, 
those aspects relating to physical design acccssibility, 
tool requirements,  safcty, spa res  and test equipmcnt 
become quitc obvious. There  are many things a main- 
tenance man brings to the job such as: skill, experi- 
ence, training and howlcdge of the task, ahility to 
u s e  technical information, and resourcefulness o r  
ability to  improvise. All of these factors arc, in turn, 
affected by the working environment. 

The maintenance man's efficiency is influenced 
by environmental factors. such as noise, s t rcss .  
lighting, tight quar te rs ,  temperature,  and humidity. 
His mental attitude also has  an effect, especially in 
the area8 of motivation and boredom. All  of these 
factors are inherent in every maintenance action. 
Admittedly, some are difficult to measure.  but the i r  
influence can affect the amount of t ime required to per- 
form any given maintenance task. In the following dis- 
cussion, an attempt is made to  relate these factors to 
the performance of maintenance aboard the BEN 
FRANKLIN. 

24 1 A  

Skills - 
One of the most significant fac tors  affecting the 

successful complction of the mission was the c r o s s  
section of technical skil ls  in the crew. 
tenance tasks were ranked in  o rdcr  of difficulty vS 
the crcrvmentbcrs who pcrformcd each task. There 
was an obvious relationship betwecn technical skill 
levels observed and the difficulLy of thc maintenance 
tasks performed by thc various cretvmembers. 
scheduled maintennncc, the workload was generally 
shared by most of the crew. However. when an un- 
scheduled maintenance task appearcd, it was almost 
always performed hy onc of two crewmembers. This 
fact suggests that these two men were confidcnt enough 
in their  abilities to  assume this hurdcn i n  o rder  to in- 
su re  a higher level of mission success.  
which instill this lcvel of confidcnce a r e  heavily in- 
fluenced by the attitude of thc individual and his general 
background of expcrienco. 

Various main- 

During 

The factors 

Crewmembers 4 and 6 performed all of the diffi- 
cult tasks and most of the moderately difficult tasks,  
crewmembers 3 and 5 performed the remainder of the 
unscheduled maintcnnnce. 

The highly skilled technician (4) repaired com- 
plex electronic equipment despite the lack of technical 
information. This was accomplishcd by detailed tracing 
of circuits which required a thorough understanding of 
the general theory and operation of the various types of 
equipment involved. When a failure in one circuit  
induced a secondary failure in a high priority experiment 
circuit, he rewired the circuits,  switched several  
functions around, and substituted par t s  into the original 
high-priority circuit so that the equipment was put back 

DAILY WORK LOAD, % A ,  

*t 
DIVE DAYS 

V v ,  v v  I v v  I I I V  v v ,  
5 10 15 20 25 30 

MISSION DAY 

Fig. 6 Percent of Total Available Working Hours per  Day Consumed by Maintenance 
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CREW MEMBER 1 (SCIENTIST) 
d,CREW MEMBER 2 (OCEANOGRAPHER1 

repeated performance of the task led to  the develop- 
ment of a methad which saved time. 

When a high level of organization was not re- 

-; 

I 
j 
! 

L 

CREW MEMBER 4 (ENGINEER 
m. OCEANOGRAPHER) 

CREWMEMBER 3 IPILOT 8 

T 6  
E 

2 
4 
5 4  

2 

0 

ENGINEER) 

CREW MEMBER 6 IENGINEER) 
*1 
6 c 

T 
$ 4  
I 

2 

0 
5 10 15 20 25 30 5 10 15 20 25 30 

MISSION DAY MISSION DAY 

MAINTENANCE 

SCHEDULED 

UNSCHEDULED 

Fig. 7 Crew Member Maintenance Workload Profiles I 
in ulcration. Motivation was an important factor in 
accomplishing these tasks;  however, skill was the 
most Important ingredient. 

1 Learning and Performance 
I where: 

T = Fi r s t  value of repa i r  time 

N = Number of t imes repa i r  i s  performed 

T = Cumulative average t ime over the N 

1 

repetitions 

Tasks ir which fast  learning was noted were s e t  
in  procedure and did not requi re  decision making. 
One such task required connecting a megohm tes te r  
between a terminal point and ground. 
resistance was then recorded. The 24 electrical  t e r -  
minals were located in  four junction boxes. The 6 
terminals in eacli box werc reached by removing the 
box cover and repcating the proccdure for each hox. 
Once the location of the terminals and hoxcs wero known 
and the megohm test became routinc, there  was little 
possibility of improving the maintcnnnce lime. 

The value of the 
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%-=- 

BLACK BOX REMOVAL 

t 

GAINING ACCESS TO INTERIOR OF BLACK BOX FOR REPAIR 

Fig. 8 System Level Maintenance 

Tasks which took longer to learn required a high 
level of proficiency and unique decisions were made 
each time they were pcrformed. One of these tasks 
consisted of selecting Ibiological samples from the in- 
ter ior  surfaces of the vessel  and then analyzing them 
f o r  a bacterial count. 
sample; therefore, little learning could he accomplished, 
except af ter  a great deal of experience. 

The analysis was unique to each 

The replacement of thc water system Dacterial 
filters required cxccptional care  to prevent contamina- 
tion, and a system for accomplishing the t s k  had to be 
developed. This produccd a slo\i.-learning cycle. 

I t  is apparent that to effectively use the availahle 
manpowcr for scheduled maintenance aboard a space- 

type vehicle, step-by-step detailed maintenance proce- 
dures most he designed for  quick and casy perform- 
ance, with minimum demands for extensive and com- 
plex tasks. 

Training 

The training aspect of the experiment had a sig- 
nificant effect  on the performance of maintenance dur- 
ing the course of the mission. It was esscntial to the 
mission that the crew be thoroughly familiar with the 
general operation of the vehicle's systems. They also 
had to bc familiar with ihe specific troubleshooting and 
repair  procedures, prepared as par t  of the NASA 
Maintainbility Experiment. This hclped to relieve 
much of the anxiety in performing maintenance and 
produccd crew confidence. 

- 

The procedures fo r  scheduled and unscheduled 
maintenance gave confidence to the crew since they 
knew they did not have to rely on memory fo r  any of 
the controlled rnaintenaJlcc tasks. 

Because of the limited time available for crew 
training, specialization in specific maintenance tasks 
was necessary. This expedient limited the flexibility 
of individual crewmembers to perform other mainten- 
ance tasks. 

Onhoard Maintenance Provisioning 

tools, spares.  and tes t  capability was an essential  
part of the total maintainability task. The ability to 
support the onhoard maintenance function w a s  amply 
demonstrated by the fact  that the crew reported satis- 
faction with the spares ,  tools, ,and technical informa- 
tion supplied f o r  the controlled maintenance tasks.  
The only provisioning weakness encountered during 
the mission w a s  in the a r e a  of uncontrolled electronic 
equipment maintenance which w a s  outside the scope of. 
this experiment. 

Working Conditions 

Providing the proper technical information, 

The t imes recorded fo r  microbial sampling 
tasks during the dockside time t r ia l s ,  were l e s s  than 
the values estahlished during the mission. 
ing the space required to set-up these tasks, the 
numerous pieces of equipment that must be handled, 
and the interference of these actions with the normal 
activity in the vessel, i t  became apparent that the 
limited space available imposed a penalty on the per -  
formance of these tasks. Work was performed on the 
wardroom table which was quite smal l  considering the 
handling of many Petr i  dishes involved in these com- 
plex tasks.  Since there was no other work a r e a  set  
aside for  performing this work, every piece of equip- 
ment had to be broken down and returned to its s torase 
a r e a  after the sampling was complete. This took 
longer than anticipated. 

Consider- 

Similar effects were noted in the repair  of 
electronic equipment. 
equipment in various areas .  such as thc passageway, 
the bunks. and the aforementioned table. 
lead to efficient repair  operations. 

Repairs were made on removed 

This did not 
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Repetitive Tasks  

One type of maiirtcnance prediction i n  gross 
e r r o r  with actual mission data \vas the inspection of 
the vessel  systems. In general, a safety inspection 
was performed every 4 hours during thc mission. 
This inspection included the vessel ,  penctrators. sca- 
valves, and thc hydraulic and pneumatic systems. 
Generally speaking, tliesc tasks became tedious since 
they were repetitive. 

A s  a result ,  the different inspections were com- 
bined by the crew inln one operation and in time he- 
came quite superficial i n  nature. 
accounted for in two ways. 
of a system proved to bc dependahlc, less attention 
was directed to it by the crew. 
portance of accomplishing these safety inspections in 
every detail ohviously diminished with the passage of 
time. 

This trend could hc 
Firs t ,  as the pcrfarmancc 

Secondly, the im- 

The consequence of these trends was that the 
safety inspections which normally should take half  an 
hour were condensed to 8 minutes. Better organiza- 
tion o r  integration of these s imilar  inspection tasks 
should have been accomplished prior to the mission. 
This accounted for some of the t ime differential. An 
important element inherent in the final reduction of 
inspection time was the diminishing importance the 
crew attached to the task details  as the mission pro- 
gressed. Therefore,  if there were good reasons for 
repetitive safety type inspections, then priorit ies 
should have been established and the crew indoctrin- 
ated with the importance of these details. 

Maintenance l eve l s  

Figures 8 through 11 illustrate the performance 
of maintenance tasks aboard the DEN FRANKLW which 
a r e  directly analogous to maintenance levels that 
would be required on a long-duration space mission. 

System level maintenance is shown in  Fig. 8 
(black box removal) and Fig. 9 (online system adjust- 
ment and system fault isolation by manual probing to 
determine the faulty module). 

Bench level maintenance is illustrated in Fig. 10. 
which shows a faulty printed circuit board being r e -  
moved and the failed par ts  ( t ransis tors)  about to be 
replaced. 

Visual inspection i s  shown in Fig. 11 

Prediction Technique Evaluation 

The f i r s t  consideration in the numerical analysis 
was to identify the correlation between each estimating 
technique and the actual data. As a result  of the 
correlation, i t  was then possible to craluate each 
technique with respect to qualitative and quantitative 
accuracy. 

Dncksidc Lime t r ia ls  W C ~ C  cnrnparctl with the 
actual mission data to dctcrminc the pcrfnrmnncc of 
maintcn:u,cc i n  a contsollcd unstrcsscd cnvironmrnt as 
compared x i t h  (.hat cncountcrrd during the C.SD\l. 

To aid i n  the stntistical annlysis of tRe mission 
data, mulliplc liiicar rcgrcssion cquatinns wcro de- 
vclopcd for cach of four scts  of data: 

f 

, , .. '. 

9 

t, ~ . , ~  A,-&.. ,A!-' * W '  

Fig, 9 System Level Adjustment and Fault Isolation 
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Methods I1 arid 111 (?JlI~-flDIllG4?2) prcylic- 
tions vs actual data 

0 Docksidc task pcrformmcc t r ia ls  Y S  actual 
data * Control case  of Mcthud I1 (Aircrart Program) 
predictions v s  enrly opcrntionnl dntn from 
that a i r c ra f t  progmrn. 
of mcasuring the repcatxbilily of lhe hletliod 
I1 prcdiction tcchniquc 

T h i s  providcrl a mcms 

I 

BLACK BOX REPAIR BY REPLACEMENT OF SUBASSEMBLY 

SUBASSEMBLY (PCEI REMOVAL AND READY 
FOR PART (TRANSISTORI REPLACEMENT 

Fig. 10 Beach Level Maintenance 

Fig. 11 Typical Scheduled Maintenance Tasks,  
Inspection of Head and Power Distribution System 

Methcd 11 Prediction Analysis. The resul ts  of 
the multiple regression analysis for the correlation 
between Method I1 estimates and actual mission data 
are shown in Fig. 12. 

The reduction of Method I1 predictions shows 
that estimates were generally conservative for any 
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BEN FRANKLIN 
METHO? I1 

TAc2 = 1 3 0 8 1 4 1 ~ ~ ~  109103 

STATISTICAL i: 
PARAMET 

35.1933 
36.43% 
8512 

r 2 =  72.45% b = 9.68 

ow+-& 40 MI 80 
ESTIMATE TIME. MIN 

Fig. I2 Actual v s  nlcthod U Task Tinic Analysis 

estimate up to 35 minutcs. Thc slope of the rcmes- 
sion linc is almost in linc with the line of pcrfect prc- 
diction, indicating that littlc if any correction factor 
i s  required to adjust time estimate to rca l  values. 
There i s  a bias in our  predictions of ahout 8 minutes 
which if added to thc predicted values would result  in 
realist ic estimates of actual t imcs to perform required 
tasks. 

The next consideration was to  evaluate the qual- 
ity of the regression linc in Fig. 12. 
deviation was 9.68 minutes, indicating a pocr fit, but 
this e r r o r  i s  relative to the population sizc and ivould 
have been smal le r  with a much Ia rgcr  numhcr of data 

efficient 1' which cannot be grea te r  tli;ur I S  o r  1~ less 
than -1. A value of +l denotes perfect functional rc- 
lationship between y and x. A n  increasing x associ- 
ated with an increasing y. whcre r = -1, would again 
be a perfect functional relationship, but with x in- 
versely associated with y. 
relationship hetween x and y. 

The standard 

....- points. The next parameter  was the correlation co- 

When r = 0, there i s  no 

The Method I1 correlation coefficient r rcsulted 
in a value of .85, indicating a hiqh degree of direct  
correlation between the predicted values and the actual 
values. 

Another measure of quality in regression analy- 
s i s  i s  the value of the coefficient of determination 
(r2). This parameter  expresses the percent of confi- 
dence in the data. with (1 - r ) as the percent that can 
be explained due to accidental randomness in the data 
points. 
indicated that our Jlethod I1 relationships with actual 
mission data were not random in nature. 
ing overall assessment of the hlcthod iI technique 
indicated a generally reliable m a n s  of predicting 
overall maintenance task t ime with some inaccuracics, 
particularly on items that required short  r epa i r  times. 

2 

2 The value for ( r  ) was 72.455 which also 

The result-  

i 
I 
~ 

Method 111 Prediction Analysis. The previously 
described'proccdure was repcatcii for the analysis of 

I W  Method I11 data; thc results of this annlysis a r e  shown 
In Fig. 1 3 .  

11 

ACTUAL 
MAINT 
TIME, 
M I N  

I I I 
0 25 50 75 100 125 

EST MAINT TIME. MIN 

Fig. 13 Evaluation of Prcdictions vs  Actuals 

The regression line equation showed the exist- 
ence of a very poor correlation hetween thc predicted 
value of Method 111 and the actual data. The mean 
standard deviation was twice thc standard deviation of 
Method 11, and the degree of correlation was cor re s -  
pondingly very low. Clearly, hlethod 11 provided a 
much better tool for prcdicting maintenance task 
times. 

Dockside Time Trials. This analysis was de- 
veloped to define the relationship hetween the dockside 
time t r ia l s  and the actual data. 
correlation analysis i s  shown in Fig. 13. The co r re -  
lation cocfficicnt fo r  dockside t ime t r i a l  was not quite 
as good as Xlethod I1 (r = 0.85 as comparcd to  r = 
0.94) but the standard dcviation value (0) for dockside 
t r ia l  was much smal lc r  t h , ~  AIethod IJ prcdictions. 
This indicated that the aclual task t imes  were rela- 
tivcly close to  thc docksidc t ime t r ia l s .  

The rcsult  of the 

Generally speaking, fo r  a11 tasks requiring less 
than 25 minutes, there  seemed to he a learning effect 
which demonstrated itself in shor tc r  actual task t imcs.  

In the case of thosc tasks  which rcquired main- 
tenance t imes  greater than 25 minutes, therc  were 
complications which were introduced during the Course 
of the mission. These complications tcndcd to in- 
crease the amount of t ime required to  perform thesc 
tasks under mission conditions. Thosc tasks requiring 
more than half an hour were gencmllg. complex (most 
of them wcre scheddcd maintenance procedures). 

It can also be concludcd that somc aspects of tile 

Some of these factors were: 
crew confinement added complications to the per -  
formance of thesc tasks. 
s t r c s s ,  lack of complctc proficiency in performing 
certain difficult tasks,  lack of adequatc spare pa r t s  and 
equipment, and, finally. a des i r e  not to c rea te  a dis-  
turbance while lhe rest of the crew was sleeping. This 
experiment was not geared to detect these sensitive 
causal factors.  

There was no clear cut indication that the Stress- 
es had any discernihle effect on the performance of 
various maintcnancc actions. This docs not mean that 
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thcrc was  no dclta for s t rcsscd  vs mstrasscd cnviron- 
ment, but rathcr that there wcrc no serious o r  cri t ical  
equipmcnl foilurcs lhat rcqiiirud niai:>knancc undcr 
sevcre  arivcrsc conditions. 
sion may have brought such conditions into focus. 

A n  cxt.cnsion of thc mis- 

actual maintcnnncc task tinics. 
thc results o l  this mission were truly rcprescntative 
of Method I [  prediction tcchniqucs. a control was es -  
tablislicd. 
analysis of car ly  nininlciuncc data for a modern air- 
craft  pL'Ograin and Method I1  prcdictions fo r  lhe Same 
aircraft proyr.m. A comparison of the corrclation 
analysis of thc DEN FRASK1,IN P.lcthod ii predictions 
and the corrclation analysis of this a i rc raf t  progr'm 
predictions was made (see Fig. 13). Thc result of 
this comparison revealcd that thc slopcs of thc two 
regression equations wcrc almost identical, i .  e . ,  
very closc agrccmcnt bctween thc two programs. 

The y intercepts of m c h  curve highlight the 
diffcrenccs bctwecn the two programs. In the case  of 
the aircraft  program, the regression cquation y inter- 
cept indicated that tho prcdictions generally undcr: 
estimatcd the ma in tenace  task tinies. 
expected from ear ly  feedback data wheie technicians 
are cautiously performing maintcnnncc actions on 
new equipment. 

T u  dctcrminc whcthcr 

I 

This control consislcd of a correlation 

This might be 

Vm. Conclusion 

The NASA hlaintainahility Experimcnt had a 
ra ther  significant effect on the nutcomc of thc mission. 
By implcmcnling thc various phases of the experiment 
pr ior  to launch, a numhcr of maintenanw prohlcm 
a r e a s  werc uncovered and appropriate solutions im- 
plementcd. The cxpcrinicnt also rcdirccted the 
project 's  thinking conccrning spares, tools, training, 
and the nccd for  onboard tcclrnical information. 
program did have certain limitations which hampcred 
the execution of the experiment. The experiment was 
conducted on a non-intcrfcrence basis with lhe basic 
mission goals. The cxperiment was further r e -  
stricted duc to the limitcd amount of t ime availahle 
bcforc thc mission; however, all of the experiment 
objectives were either achieved or answered in part  
by thc data returncd from thc mission. 

'~- 

The 

The value of a dynamic test bed as an effcctivc 
and ear ly  evaluator of spacccraft maintninability 
concepts 1x1s heen vcrificd by thc results obtained 
from this experiment. 

Thc amount of maintcnmcc pcrformcd accounted 

fo r  17.3% of tho total manpower availahle during the 
mission. This mc:Lns that for this vessc l  and i ts  com- 
plexity, approximately 1/6 of the CTCIV'S available time 
must he planncd for maintenancc activity. Of this 
maintenance rvorkload, 747 was devoted io schcdulcd 
maintenancc. Adniittcdly, spacecraft should not 
require a s  high a levcl of inspection and scrvice work, 
however. the remaining 2f i8  of thc maintcnancc man- 
p o w r  was dcvotcd to the cri t ical  unschcduled main- 
tenance tasks upon which mission success  dcpends. 
Thc skil ls  :md expcrience necessary to  repa i r  com- 
plex cquipmcnt must be prcsent in the makeup of in- 
dividuals selected fo r  such a mission. I t  was appar- 
ent that training can aid in reducing thc problem, but 
cannot altogether eliminatc the need for maintenance 
skil ls  and experience. 

In making an accurale asscssment of the antici- 
patcd mainlcn,mce workload during a space mission, 
prediction techniques such a s  RIII.-1IBIi-472 >lethod 
IIprovide a suitable means by which thesc assess- 
ments can he made. The results of this mission in- 
dicate that onhoard maintenancc can be predicted with 
reasonable accuracy, but that further refinement 
through additional testing would permit more accurate 
assessment of individual tasks. 

In summary, the significant conclusions result- 
ing from the maintainability experiment were: 

8 Method I1 Maintainability Prediction Tech- 
nique was the best  approach fo r  determining 
mission maintenance requirements 

8 A dynamic test  hed provided valuahle main- 
tenance workload a i d  ptirforinancc data that 
can bc used to  define crew requirements for  
future missions in sealed isolated vehicles 

8 Maintainability support was esscntial to 
mission success  

8 There  was no discernible difference in main- 
tenance t imes pcrformed under thc range of 
mission s t r e s s  conditions, compared to 
preinission valucs 
The crew was resourceful in distributing the 
mainten'vlce ~ 0 r k 1 0 a d  to  suit varying mission 
conditions 

8 A maintenance corner  o r  workshop a r e a  with 
a hench would have improved the efficiency 
and pcrformance of certain offline equipment 
repa i rs  and complex scheduled maintenance 
testing operations 

8 Measurement and control of bacteria was the 
most tedious and difficult joh 
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TABI,E 3 MAINTENANCI.: ACTION SU.\IhL\RY 

z 

6 

40 

40 

40 

40 

3 

30 

5 

2 

9 

9 

9 

9 

4 

2 

11  

5 

30 

30 

,ATE 

3RIOU: 

~ 

WIOU! 

4RIOU: 

9RIOU 

4RIOU 

XRIOU! 

WIOU! 

4RIOU 

kRIOU! 

W O K !  

lRlOU! 

4RIOU 

4RIOUI 

4RIOU 

4RIOU: 

4RIOU: 

4RIOU 

4RIOU: 

4RIOU! 

ARIOU 

8/3 

ARIOU 

7/17 

8/12 

G +  c u  
2 TASK 5 TIME, 
v M I N  REMARKS 

X 159 

X . 
X I ACCOMPLISHED 

IN 8 MIN TOTAL 
X 1 TIME 

X 
, 

6 x 5  

X 15 TERMINATED 
AFTER 100AYS 

X 1 5  

X 2 4 3  

X 2 8 2  

X 5 6 6  

x 111  7 

x 4 5 0  

x 7 3 3  

x 3 5 0  

X 113 

X 16 

X 30 

X 5 DAILY CLEANING 
OF TAPE HEADS 

X 5 DAILY CLEANING 

MAINTENANCE TASK 

j BATI 'E lY VOLT 
& RESISTTEST 

2 X 5 ~~1 8 ,  

1 x 220 

5 

j PENETRATOR INSF 

j SEA VALVE INSP. 

j HYD SYS. INSP. 

5 PNEU. SYS. INSP. 

3 FATHOMETER 
INSP. 

j POWER COMSUMP- 
TlON CHECK 

DAILYCLEANING 

OCCURREDAT 
END OF MISSION- 
NOT MISSION 
CRITICAL 

~ 

j TAPE RECORDER 
SERVICING 

S MEGGER CHECK 
PROPULSION SYS 

3 WATERSYS 
PURITY TEST 

j HUMANFLORA 
TEST 

j ANDERSON AIR 
SAMPLER 

j RODACSURFACE 
TEST 

j AIR CONTAMINA. 
TlON TEST 

GAS CHROMATO. 
GRAPH TEST 

j LiOHPANEL 
REPLACEMENT 

j SILICAGEL 
REPLACEMENT 

j DATA TAPE RE- 
CORDER SERVICE 

S POSITION DEPTH F 
CORDER SERVICE 

S SHIP DEPTH RE- 
CORDER SERVICE 

U FUSE REPLACE. 
MENT 

U MACERATOR 
MOTOR SWITCH 

- 

DATE 

7127 
- 

7/30 

7114 

7/14 

7/14 

7/18 

7/14 

7/30 

312 

7/17 

7/15 

7129 

7/17 

813 

7/17 

311 1 

7/15 

7/15 

7/20 

7/15 

7/15 

- 

U STERILIZATION 
OF SURFACES 

U FATHOME'rER 
FAILURE 

U SUSBOTTOM 
PROFILER 
FAILURE 

U MAGNETOMETER 

U SHIP COMPASS 
FAILURE 

U LIGHT TRANS- 
MlSSOhlETER 
FAILURE 

U SLEEPMONITOR 
POWER DISRUPT 

U SLEEP MONITOR 
SENSOR FAILURE 

U COMMODE 
HANDLE REPAIR 

U AUX INVERTER 
FAN SERVICING 

U RELOCATION OF 
FLOORCOUNTER 

U CLOGGEOSHOWER 
SINK 

U CURRENTMETER 
FAILURE 

U NAVOCEANO 
70mm CAMERA 

U JAMMED TAPE RE 
CORDER BEARING 

U HG PENETRATOR 
LEAK 

U AIR PRESSURE 
REGULATOR LEAK 

U PULSEMETER BAT 
TERY RECHARGE 

U OIL LEAK SHALLOI 
DEPTH GAGE 

U C02 GAGE MAL-  
FUNCTION 

5 

3 

1 

1 

I 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

REMARK! 

NOT MISS101 
CRITICAL 

-- 

EXTERNAL 
SENSORS 

EXTERNAL 
SENSOR 

EXTERNAL 
SENSOR 

POWER DISC 
NECTED TO 
MOVE POWE 
FAILURE 

iEDESlGN 01 
ClENTlFlC E 
ERIMENT 

XTERNAL 
ENSOR 

IO 
PARES 

. 
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TABLE 3 MAINTENANCE ACTION SURlhlARY (Cont) 

Lo z 2  
F L  
k! 2 
$ $ 
1 

1 X 

4 

1 x  

__ 

DATE 

7/16 

- 

81 I 

7/19 

7/14 

TASK 

;'I",". REMARKS 

- NOTMISSION 
CRITICAL 

EXTENSIVE 
CANNIEALI- 

730 ZATIONOF 
SPARE 

x -  

OVERVOLTAGE 
CONDITION OF 
BATTERIES 

dAINTENANCE TASK 

g o  
G W  t; 2 2 
0 

DATE MAINTENANCETASK Z 

VARIOUS S NAVOCEANOCAL- 
IBRATIONS M X  

EXP EQUIP 40 x 
VARIOUS S NAVOCEANOSVCG 

U AMP.HRCOUNTER 
FAILURE 

U POSITION DEPTH 
RECORDER 
FAILURE 

U AFT TRIM PUMP 
SEIZURE 

U SIDESCAN 
SONAR 

TASK 
TIME, 
bdtkl REMARKS 

* 

* 

VARIOUS 

VARIOUS 

S NAVOCEANOOPER. 
ATIONALMCIO 30 X . 

S NAVOCEANO EXP 
EOUIP. PREPARA- 
TlON 30 X + 

TOTAL 
CUMULATIVE 
TIhlE=IEO 
HR. 

IS= khcduled Tasks U ~ Unwheduled Task 
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